Introduction
Our capacity to measure human genetic variation and apply it to address scientific questions related to evolution, 1 population structure, 2, 3 and interindividual phenotypic variation 4 is expanding at an increasing rate. At least as important as the technologies to measure genetic variation is the availability of suitable samples and their descriptive data. In the past, the resources to conduct large-scale genetic investigations have been restricted to a relatively small number of well-funded academic and commercial groups, limiting the access to the raw data. However, recent changes in attitudes in the scientific community, on ethical review boards, and at funding agencies are leading to greater openness in sharing genetic data with the intent to improve opportunities for discovery through their creative use and careful integration. 5, 6 In 2005, GlaxoSmithKline initiated the Population Reference Sample (POPRES) project with the goal of bringing together a DNA sample set that would be extensively genotyped in order to support a variety of efforts related to pharmacogenetics research. We found that the application of pharmacogenetics research associated with drug development could be hampered by (1) lack of readily available population controls for adequately powered study designs, (2) high costs of conducting highly exploratory genomewide studies, (3) extended study timelines that may not meet clinical development needs, and (4) lack of samples representative of the multinational patient populations from which the prevalence of pharmacogenetically relevant polymorphisms can be estimated. The POPRES project was carried out to begin addressing these issues, with the further objective of making the resulting genotypic and demographic data publicly available to help drive development in the broader genetics research community.
There are many projects, especially in pharmacogenetics, wherein the sample collection is focused on the acquisition of cases. One important example is the identification and collection of cases with adverse drug reactions (ADRs) through postmarketing surveillance. In these situations, the acquisition or selection of a suitable set of controls can add a substantial burden to the experimental process. Having a large collection of DNA samples previously scrutinized and genetically characterized would facilitate the search for genetic risk factors. This is particularly true if the case samples to be matched with controls are not of northern European origin, which is the background of most genome-wide studies published to date and publicly available. The availability of key demographic, phenotypic, and clinical data for the selected subjects would enhance their application.
Investigations into genetic risk factors underlying ADRs are highly exploratory, because there is generally little a priori evidence to support a genetic hypothesis. The availability of population controls with existing genotype data that could be matched to the cases substantially lowers the cost and time to conduct this research and could facilitate exploratory efforts. For ADRs that have relatively low frequency, there is little power lost in the use of population controls versus drug-treated, clinically matched controls. 7 A large resource of genotyped controls would also allow for more careful matching of what can be genetically diverse cases to controls on the basis of their patterns of genetic variation. 8 Many pharmacogenetic studies utilize samples collected in clinical trials, which are becoming increasingly global and diverse in their origin. 9 Therefore, in addition to the value of genome-wide genotype data for exploratory scans, the availability of DNA for the subjects included in the POPRES initiative allows for measurement of variants that are of particular interest to pharmacogenetic research, as well as estimation of their population-specific relative frequencies. This can be useful for predicting populationspecific ADR risks or possible variability in drug response. Furthermore, population genetic studies of more diverse samples, such as POPRES, provide important information about the similarity or differentiation of these populations, 10 informing future study designs and interpretation.
The availability of a densely genotyped population reference sample will increase opportunities for many areas of genetics research, by us and others, by providing a wellcharacterized, readily available set of samples representative of the populations of interest from which to draw controls and estimate population parameters of interest. Furthermore, such resources will foster development of statistical methods and analysis strategies and provide a resource for innovative population-genetics research. In this paper, we describe the collections currently comprising 5,886 POPRES subjects, genotyping and analysis methods used in preparing the data being provided to the public domain, and selected data-analysis results. Lastly, we present an example application matching controls to a small set of ADR cases.
Material and Methods
The subjects included in the POPRES initiative are derived from ten collections. Each collection is briefly described. Where available, see accompanying references for further collection details. All subjects included in this study were either collected in an anonymous fashion or have been multiply coded by the collecting institution as well as the POPRES data managers (see 11 for definitions).
UCSF African Americans
African American subjects were recruited across the United States to serve as controls for studies of multiple sclerosis (MS) genetic susceptibility conducted at the University of California, San Francisco. 12 In general, individuals were invited to participate in the study by the probands and constitute primarily spouses or friends of MS patients. In addition to the ability to give consent and willingness to participate, inclusion criteria included male and female gender, age of more than 16 years, no personal or familial history of MS, and no history of autoimmunity. Exclusion criteria included chronic diseases and recreational drug use. All study participants were self-reported African Americans, but European ancestry was documented on the basis of genotyping results of 186 informative single-nucleotide polymorphisms (SNPs). 13 
Healthy Japanese Controls
Participants were recruited through the James Lance GlaxoSmithKline Medicines Research Unit in Sydney, Australia. Eligibility criteria included self-described Japanese ethnic background, age of more than 20 years, and freedom from chronic disease. Blood samples were collected in an anonymous fashion, i.e., no identifiers were associated with the biological sample that could associate it back with the participant. Sex is the only personal information recorded for each subject.
Healthy Taiwanese Controls
Participants were recruited through the Tri-Service General Hospital in Taipei, Taiwan. Eligibility criteria included self-described ethnicity as Han Chinese, age of at least 20 years, and freedom from chronic disease. Blood samples were collected in an anonymous fashion. Sex is the only personal information recorded for each subject.
Healthy Mexican Controls
Participants were recruited through a hospital-based clinic in Guadalajara, Mexico. Eligibility criteria included self-described ethnicity as Mexican or Hispanic, age of at least 18 years, and freedom from chronic disease. Blood samples were collected in an anonymous fashion. Sex is the only personal information recorded for each subject.
northern Europeans and 431 Indian Asians from this collection are included in POPRES. Although extensive cardiovascularrelated phenotypic data were collected on these participants, the POPRES database only includes nonidentifying demographic information: age at collection, self-identified race and/or ethnicity, and country of birth.
CoLaus Study, Lausanne, Switzerland
This is a population-based study of European subjects drawn from Lausanne, Switzerland, through the Centre Hospitalier Universitaire Vaudois (CHUV) University Hospital. 15 From this collection, 2,809 subjects were included in POPRES. Although extensive phenotypic data were collected on these participants, the POPRES database only includes nonidentifying demographic information: age at collection, self-identified race and/or ethnicity, native language, country of birth, and parental and grandparental countries of birth.
Duke Healthy Volunteers
Healthy volunteers were recruited from the Duke and North Carolina State University campuses. Volunteers were to be aged between 18 and 90 years and have no known cognitive impairments. All races and ethnicities were included. Five hundred and eightysix subjects from this collection were included in POPRES. Only nonidentifying personal demographic information was made available, including and limited to age at collection, self-identified race and/or ethnicity, and sex.
Informed Consent and Ethical Approval
All participants in the component studies that contributed to POPRES provided written informed consent for the use of their DNA in genetic studies. The informed-consent form was different for each study, some providing more explicit descriptions of the variety of ways that genotype data derived from the sample may be used than others. Informed consents are available through the dbGaP submission. The informed consents of the Healthy Caucasian Controls collections were the most extensive. Given the anonymized nature of the collection, these samples were included in POPRES without need for further ethical review. Specific ethical review board approval for the controlled release of deidentified genotype data was sought for the Healthy Taiwanese Controls, Healthy Japanese Controls, Healthy Mexican Controls, CoLaus, and Duke collections. All were granted, with the exception of the Healthy Taiwanese Controls, which will not be publicly released. The nature of the original consent and ethical review board approval for the LOLIPOP collection was sufficient for the current usage.
Genotyping
Genotyping was performed on the Affymetrix (Mountain View, CA) GeneChip 500K Array Set with the published protocol for 96-well-plate format. Samples were genotyped in nine batches over a period of 19 months (Table 1 ) with a 2%-3% sample duplicate rate to help assess genotype data quality. The CoLaus and LOLIPOP collections were genotyped in multiple batches. All other collections were typed within a single batch. Batch information for each subject is available with the genotype data. The dynamic model (DM) genotype-calling algorithm uses perfect-match and mismatch probe intensities to call genotypes for individual arrays. DM was used to measure raw experiment quality. Individual arrays that failed to achieve a 90% DM call rate (at p ¼ 0.26) were generally reattempted in genotyping by rehybridization. Duplicate concordance for the StyI arrays was distinctly lower than that for the NspI arrays on four plates in batch 7 genotyping of the LOLIPOP collection. The samples on these four plates were regenotyped on the StyI array with fresh DNA aliquots and with the Affymetrix protocol performed in its entirety.
A series of identity checks was performed. Samples were removed if reported gender was inconsistent with X-linked genotypes. Samples with no reported gender were left in the dataset, and their gender was inferred from the genetic data. In addition to the 500K genotyping, a subset of 88 SNPs was typed with the single base chain extension (SBCE) assay 16 for all subjects (43 on NspI, and 45 on StyI). The SBCE genotypes were compared with those called by DM on the 500K SNP panel. Samples less than 90% concordant between the SBCE data and the Affymetrix 500K SNP panel data on a single array were removed from the dataset. Final genotype calling was performed with the Bayesian robust linear model with Mahalanobis distance classifier algorithm (BRLMM). Only arrays passing an 85% DM call-rate threshold were input into BRLMM. BRLMM is a clustering algorithm that requires batches of arrays to make calls. Arrays were batched together for BRLMM by plate, with a minimum batch size of fifty. Affymetrix Power Tools v1.4 was used to run BRLMM, with the maximum confidence threshold set to 0.3. Defaults were used for all other parameters. Any inconsistent genotypes for duplicated samples were removed. Samples were considered successfully genotyped if they passed identity checks and achieved a minimum 95% BRLMM call rate on both arrays after removal of inconsistent genotypes.
There are 500,566 unique markers included in the genotyping array. A set of 3,247 markers identified as mapping to multiple sites on the genome were excluded, leaving 497,625 for subsequent analysis.
Quality Control
Genome-wide genotyping with an Affymetrix 500K SNP panel was attempted for all subjects over an 18 month period of time. Two rounds of initial quality control were performed. The first included standard checks. Only subjects with call rates greater than 95% for both NspI and StyI chips and confirmed genotype-sex concordance were retained. Relatedness among subjects was evaluated on the basis of identity-by-descent estimates. This identified 48 closely related subjects, primarily from the Mexican cohort, that were subsequently excluded. For the LOLIPOP collection, it was determined after genotyping that some subjects received for the POPRES initiative were not a random sample of the larger LOLIPOP collection. Rather, it consisted of subjects that had been collected early in the project, which had an initial focus on recruiting cardiovascular-disease-related patients. A subset of subjects were subsequently selected for inclusion in POPRES with a 6% coronary heart disease (CHD) rate that brought CHD-related endpoints in the dataset in line with LOLIPOP overall. This resulted in the removal of 125 subjects. Preliminary principal-component analysis (PCA, see below) within Europeans identified 111 subjects from the European LOLIPOP sample on two genotyping plates strongly correlated with scores on the second component, suggesting a problem with genotype data quality. These subjects were excluded. Two additional subjects were excluded because they had highly negative inbreeding F scores, which were calculated with PLINK. 17 The F scores were twice the magnitude of all other samples, indicating potential contamination. A total of 4,835 subjects (82%) passed this first round of checks. The second round of quality control included further PCA to identify subjects with data quality concerns or misreported genetic ancestry. Four thousand, one hundred, and eighty-seven subjects (72%) passed the second round of checks. We note that the Duke data were not available during these further quality-control measures and are not included in subsequent analyses. However, the collection is described herein and the genotype data are publicly available.
With the set of subjects that passed both initial rounds of quality control, we carried out a series of more stringent quality-control steps in an effort to further reduce the likelihood of genotyping errors that could negatively influence genetic studies using these data. First, to overcome concerns that the small batch sizes used to cluster and call genotypes in the original data set could bias the results (e.g., 4 ), a high-performance computing system was used to apply BRLMM to the entire set of files, including data from sample duplicates, for the NspI and StyI chips separately. We refer to the genotypes generated by this combined calling strategy as ''pooled'' genotypes and those produced in small groups of samples as ''batched'' genotypes. The quality of the pooled versus batched genotype calls were assessed by comparison of the sample duplicate concordance and call rates of each (Figure S1 available online). We found that with the BRLMM quality threshold of 0.3, the batched genotypes resulted in higher duplicate concordance than the pooled calls (99.66% versus 99.56%) as well as higher call rates (97.66% versus 95.12%). For this reason, we relied on the batched calls for all reported analyses.
We then evaluated the influence of the BRLMM quality threshold on duplicate concordance and its relationship to genotype call rate ( Figure S1 ). As expected, duplicate concordance increased and call rate decreased as the quality threshold decreased from 0.5 toward zero. On the basis of the improvement in heterozygote concordance we observed (0.98 to 0.99) by decreasing the quality threshold from the initial value of 0.3 to 0.2 with only a modest corresponding decrease in call rates (0.96 to 0.93), we selected the 0.2 threshold for this more restricted data set.
We then excluded 54,191 SNPs (10.8%) that had three or more discrepancies between the batched and pooled calls or that exhibited a batch call rate below 90% (Table S1 ). These pruned SNPs showed lower average duplicate-chip concordance rates (96.6% versus 99.8%) and higher levels of Hardy-Weinberg disequilibrium (20% versus 5% of SNPs with heterozygosity levels above the p < 0.001 threshold). The remaining SNPs have an average call rate of 97.7%, and an analysis of individuals for which duplicate chips were run shows a concordance rate of 99.8%. Our selection of a 90% threshold contrasts with the 95% call rate applied in most other studies using the Affymetrix 500K panel. However, because we use a more stringent confidence threshold (0.2 versus the BRLMM default value of 0.5), we achieve higher genotype quality (duplicate concordance) with lower call rates (see Figure S1 ).
Principal-Component Analysis
Principal-component analysis was conducted with the smartpca software 18 and default settings with no outlier removal. Analysis was carried out after the removal of some apparently related individuals (high identity-by-descent estimates), and individuals were identified as outliers in preliminary PCA runs based on regional subsets of the data (e.g., Europe, East Asia, etc 4, 20 We To assess whether such aberrant regions might influence the PCA results and obscure genome-wide patterns, we performed a second PCA analysis where we first removed SNPs from regions surrounding putative peaks of correlation. Although none of the other first seven PCs, aside from PC 5, showed a strong peak of correlated markers, we conservatively removed all SNPs within 2 Mb of a marker highly correlated with any of the first ten principal components. We defined the threshold for calling highly correlated SNPs as being within the top 0.2% of r 2 values for correlations of markers against the given principal component. This process excluded over half of the markers (including the lactase and MHC regions mentioned above), leaving 226,211 SNPs for the subsequent analysis, and resulted in a final set of 143,893 SNPs after excluding markers by the procedure based on the sliding-window-based pruning step described above. Using this more stringent set of SNPs, we reran PCA on the same set of individuals and found that, aside from negation of the eigenvectors, the PCs revealed the same structure as when the full set of markers was used, and the first seven principal components had a correlation greater than 0.98 between the two runs. This suggests that the initial PCA was capturing genome-wide patterns of variation rather than patterns localized to specific sets of markers, and the peaks of correlation observed were simply particular sets of markers that happened to be correlated with the population structure (such as in the case of the lactase gene with PC 5, the roughly north-to-south European PC). Although the results were similar between the two runs, we present the results from the second of the two PCA runs.
Case-Control Matching and Genome-wide Analysis
We performed four different methods of case-control matching to assess their impact on type I error rates in an example motivated by the search for major genetic risk factors for adverse drug reactions. Twenty-two HIV-positive patients of European origin with clinically diagnosed abacavir-associated hypersensitivity reaction were genotyped with the Affymetrix 500K SNP panel as previously described. 7 One case was dropped because of very low genotyping efficiency (<85%). Ten controls were matched to each case by four methods: (1) continental origin, selecting Europeans from the United Kingdom, (2) country of sampling or country of birth (if available), (3) minimizing pairwise identity by state (IBS) distance, and (4) minimizing pairwise distance among selected principal components. Continent of origin matching was carried out with POPRES subjects of self-identified European origin who were collected in, or reported to have ancestry from, England or the United Kingdom. Country matching was carried out by selection of sex-matched controls from the same country of origin as the cases (Table S2) . When there were excess numbers of controls available, ten were randomly selected for each case. Controls from adjoining countries were selected when there were insufficient numbers of controls available from the case countries. IBS matching was carried out by estimation of the pairwise IBS distance from each case to each POPRES subject that satisfied the quality-control criteria described above. IBS estimation was carried out with PLINK v1.01, 17 excluding 58,089 SNPs found within genomic regions highly correlated with the scores from the top four PCs in a European-only analysis (as described above), 61,275 SNPs missing more than 5% of genotypes, and 96,880 SNPs with minor-allele frequencies less than 5%. For each case, the ten POPRES subjects with the shortest IBS distance to the case were selected as controls. PCA matching was carried out with PCA scores. PCA, excluding 58,089 SNPs described above, was carried out on the combined cases and subset of POPRES defined as European origin, with analysis limited to 200 subjects per country and principal-component scores assigned to all eligible controls. Inspection of the resulting eigenvalues led to the selection of the first four components for genetic matching. Prior to matching, eigenscores were rescaled to reflect their relative importance by multiplication of each eigenscore by the square root of the corresponding eigenvalue. Pairwise Euclidean distances were then estimated between each case and all POPRES subjects. Ten controls were selected for each case; they were randomly selected controls within the 2.5 th percentile of the multivariate distance distribution, with care not to allow the reuse of controls among cases. For each of the four selections of controls, genome-wide association analysis was carried out with Fisher's exact test, as described previously. 7 SNPs were excluded from analysis if they were missing mapping position, had genotyping efficiency less than 90%, had minor-allele frequency less than 1%, or had deviations of genotype frequencies from Hardy-Weinberg expectations that were highly significant (p value < 10 À7 ) in controls. We also excluded 26 SNPs identified in a previous study to have highly erroneous genotype calls within the 21 cases. 7 Comparisons across analyses were carried out on a final set of 393,699 SNPs that passed the QC in all four case-control samples.
Public Data Availability
The subject-level data described in this study are available via the dbGaP archive sponsored by the National Center for Biotechnology Information (see Web Resources) pending acceptance of a standard Data Use Certification and endorsement by the requesting investigator's institution. Data include the demographic variables listed in the following section, PCA scores, and genotype data described herein.
Results

Sample and Data Overview
The POPRES study includes DNA samples from 5,886 subjects derived from ten constituent collections (Table 1 ; the LOLIPOP study is divided between subjects of Indian Asian and European origin). Based on the inclusion criteria and recruiting methods, these collections are broadly described as either population samples or healthy subjects (see Methods for collection-specific details). Basic demographic data available for all subjects includes sex, country of collection, and self-described racial background. Additional information available for some collections includes age at collection, state or city of collection, country of birth, parental country birthplaces, grandparental country birthplaces, and native language. Complete demographic summaries of each collection are provided in the Supplemental Results and subject-level details are available via controlled access in a public repository (see Web Resources). All participants were at least 18 years of age at time of recruitment. The sex ratio varies widely among studies. The distribution of minor-allele frequencies by collection is presented in Figure 1 . The frequency distributions are very consistent among the five European collections as well as between the two East Asian collections. However, the distributions differ substantially among the five major geographic regions represented by these collections. East Asia shows the highest proportion of low frequency SNPs (22% of SNPs less than 0.01 frequency), followed by Europe (15%), South Asia (13%), Mexico (10%), and lastly African American (1.9%). These frequency distributions differ markedly from those observed in the resequenced ENCODE regions of the HapMap project, 19 wherein Europeans showed an increase in low frequency SNPs compared to East Asians and levels comparable to Africans. These differences reflect the biased nature of the SNPs included on the genotyping array. 22 The distribution within African Americans is most distinct. There is a large proportion of SNPs with frequencies between 0.05 and 0.2, which is consistent with the African HapMap ENCODE and Affymetrix 500K SNP data (Figure S2) . However, the African Americans have a very small proportion of low frequency and monomorphic SNPs compared to the other continental groups and compared to HapMap Africans ( Figure S2 ). This does not reflect the underlying SNP frequency distribution in African Americans, 1 but rather the influence of African and European admixture of African Americans with the SNPs in this panel. Although 15% of these SNPs have minor-allele frequencies less than 0.01 in Europeans and 11% in YRI, only 1.6% of them have minor-allele frequencies less than 0.01 in both. This smaller proportion of low frequency SNPs suggests that this panel would be more informative for studies in African Americans, compared to Africans.
Analysis of Population Structure
We performed a principal-component analysis on the genotype data to investigate the main axes of variation present in this sample. PCA makes inferences solely on the basis of the genotype data without inclusion of any other information; hence, the analysis results reflect the clustering within those data. The results of the PCA with the POPRES and HapMap data combined exhibit the anticipated structure first of clustering continents and next of regions within continents (Figure 2 and Figures S3 and  S4 ). As expected, the first principal component (PC 1) distinguishes Africans from non-Africans. The next three principal components also characterize continental The subsequent principal components mark within-continent variation. PC 5 reveals a north-to-south cline within Europeans (Figure 3) , consistent with existing studies of European substructure. 20, 23, 24 The majority of Europeans sampled from North America and Australia are most similar to northern Europeans, with modest numbers of outlier observations. The CEU sample had the highest median scores on this component, followed by Australia and USA (collected in North Carolina), then by Canada, having a median more similar to central than to northern Europe.
PC 6 distinguishes the African Americans from the HapMap Africans. Interpretation of the asymmetrical distributions of the Africans and African Americans along the European north-south cline in Figure 2C suggests that the Africans are slightly more similar to southern Europeans, whereas the African Americans lie slightly shifted to the right and on average appear more like northern Europeans on this principal component. This may be partially due to northern European admixture in African Americans. However, caution should be used in this interpretation, because the Africans and African Americans are slightly more similar to their respective subpopulations of Europeans only on genotypes that distinguish southern from northern Europeans, and this similarity is not necessarily true of overall genotype relatedness. Principal component 7 ( Figure 2D ) separates the three East Asian populations: Japan (left), HapMap CHB (center right), and Taiwan (far right). Note that the Africans, unlike African Americans or other continents, appear more similar to the Chinese than Japanese on the PC that distinguishes East Asian substructure. We do not show further results because PC 8 and subsequent PCs display substructure within Africans and African Americans, but do not correspond to any known geographic or population structure among individuals. The first two PCs explain a total of 9.2% of the genetic variation within this sample. The remaining five PCs, though clearly informative, only explain an additional 1.0% combined. Loadings for the first seven PCs are included in Table S3 . HapMap subject scores are available in Table S4 , and POPRES subject scores are available with the subject-specific data through dbGaP.
Case-Control Matching
One of the primary motives in the development of the POPRES resource was to provide a source of pregenotyped population samples that could be drawn on as needed as a comparator (i.e., control) group for association studies of adverse drug reactions. The rationale for this approach and its implications on statistical power for ADR genetics research have been considered elsewhere. 7 In that previous work, we argued that use of population controls required that they be matched appropriately to the cases. Given such a resource, there are multiple ways in which cases and controls could be matched. Here, we extend our The results of each genome-wide association analysis, using controls selected as described above, are summarized in Figure S8 . All four methods identify the known MHC region (tagging HLA-B*5701) among the top 20 associated SNPs, with PCA matching yielding the lowest p value and highest rank (p value ¼ 2.1 3 10 À6 , rank ¼ 2), followed by UK (4.2 3 10 À6 , 8), country (7.6 3 10 À6 , 5), and IBS (2.9 3 10 À5 , 16) matching. A comparison of the ranking among the top 100 SNPs from each analysis showed that the country-and IBS-matching methods were the most concordant (r ¼ 0.58). Country-and PCA-matching methods were the least concordant (r ¼ 0.03). The remaining pairwise comparisons were only modestly correlated (r < 0.15).
With a single realization of each matching algorithm, it is not possible to assess the impact of the matching on the power to identify the known effect of the HLA-B*5701 allele. However, with nearly 400,000 SNPs for which the null hypothesis of no association is true, we can reasonably assess the effect of each matching algorithm on the type I error rate. The proportion of tests with p values falling below a range of significance thresholds, shown in Figure 4 , is very similar among the country (genomic control l ¼ 1.00 for allelic test), IBS (l ¼ 1.00), and PCA (l ¼ 1.00) matching methods and falls close to the expected proportion at each level. In contrast, the analysis that only drew from population controls in the UK (l ¼ 1.13) resulted in a significant excess of low p values at all levels below 0.1, roughly doubling the numbers observed with the other matching methods. Whereas all four control matching procedures resulted in relatively low p values for the known association, the UK controls (i.e., matching only by continent) suffered from an increase in the false-positive rate, even with this small number of cases. Figure S8 shows that relatively small p values are observed across the genome and vary substantially across control selections.
Discussion
We have brought together DNA from nearly 6,000 subjects participating in ten studies with ancestry from five major geographic regions and dozens of countries as a resource for genetics research. Genotype data from a genome-wide panel of 500,000 SNPs attempted on nearly all participant samples were carefully evaluated to yield a set of subjects and markers with high data quality that may be appropriate for a range of applications. These data are freely available for legitimate research purposes through the public dbGaP website.
Principal-component analysis of these data illustrates the overall data quality, in terms of both the genotypes and the labels of subject origins. The seven highly informative principal components provided a high degree of discrimination among African, East Asian, South Asian, European, and Mexican ancestry. They also illustrated finer differentiation in the separation of Africans and African Americans and differentiation between the three Asian populations of Japan, mainland China, and Taiwan, and they highlighted genetic gradients within African Americans, Mexicans, and Europeans. These results provided ample opportunities to identify subjects with ancestry labels that do not match their genetic background. Very few subjects demonstrated PC score patterns that deviated noticeably from the majority of their groups. The score information (available via dbGaP) may be used in future applications to re-label subjects or to exclude them from further analyses.
The potential impact of cases and controls that are poorly matched for their genetic background on the type I error rates of association studies is well understood (e.g., 25 ).
Most studies of unrelated subjects attempt to control for this through careful study design and sampling (e.g., 26 ), statistical correction (e.g., 27 ), or measurement and correction of sample structure by use of PCA or related methods (e.g., 28, 29 ). Alternatively, sets of healthy or population controls that have been genotyped for compatible genome-wide panels can be queried for controls that genetically match the genotyped cases, 8, 30 recently illustrated for genome-wide genotype data. 8 In the limited application presented here with 21 subjects with abacavirassociated hypersensitivity reaction, we found that matching controls to cases on the basis of country of origin, minimizing pairwise IBS distances, and minimizing distances among the top principal components were similarly effective in controlling type I error. The latter two genotypebased methods would clearly be preferred when there is uncertainty about genetic background of the cases or controls, or when the populations sampled are admixed or otherwise genetically heterogeneous. It is important to note that with such a small number of cases included in this example application, there is insufficient power for subtle population or genotype-quality-dependent differences between the cases and controls to be detected. An analysis with a larger number of cases and controls could highlight limitations in the sample-matching schemes or in the POPRES data that were not readily apparent in this example. Most studies that include whole-genome genotype data do not have need for external sources of controls for key analyses, and even with~5,000 subjects genotyped, the power of this resource to investigate common disease genetics is limited, particularly for non-European populations. Nevertheless, the data published herein should prove useful for characterizing the genetic background of study participants, particularly for small sample sizes or poorly characterized sample collections. POPRES genotype data may be included with study genotype data to conduct analyses of population structure. The Affymetrix 500K SNP panel shares a reasonably large number of SNPs with other popular SNP panels, including Illumina 1M (138,143) and Affymetrix 6.0 (469,874), which in many cases will be sufficient for inferring patterns of population structure. Subject scores may also be computed directly from the SNP loadings published herein (Table S3 ). The legitimacy of this approach is most obvious for genotype data derived from the Affymetrix 500K and 6.0 SNP panels. However, it should be possible to derive informative subject scores with this approach from the subset of SNPs that overlap with the Illumina panels, though the accuracy of this approach has not been assessed. Beyond the global patterns of variation observed in the analyses included in this report, finer-scale structure may also be investigated in subsets of the POPRES data, such as within Europeans. 21 As described, nearly all of the subjects currently included in POPRES have been genotyped with the Affymetrix 500K SNP panel. The choice to standardize on this panel was largely influenced by the timing of the project. Since the time this project was initiated, genome-wide genotyping panels from multiple vendors have expanded and improved in quality. Although there is no expectation that the entire POPRES collection will be genotyped on another genome-wide panel, selected subsets will be genotyped with newer panels as required to support ongoing research, and much of these data will eventually be deposited to dbGaP. This includes existing data on the Illumina (San Diego, CA) 550K and 1M panels typed on~500 POPRES subjects of European origin. Developments around use of representative patterns of haplotype structure to impute unmeasured genotypes may also be employed with this and similar resources to make the results from the Affymetrix 500K panel compatible with other panels. [31] [32] [33] In developing this resource, we considered several alternative designs. The first objective is to use this collection as a resource for generating contrast (control) groups for pharmacogenetic studies. In the context of studying the occurrence of an ADR, the controls would ideally match the cases for disease status, treatment, duration of treatment, age, gender, and any other disease-or ADR-related clinical characteristics so that associated markers can be inferred to be causally related. However, developing a general resource applicable to a diversity of diseases and relevant to a number of drugs (approved or in development) would probably require extremely large samples and be difficult, if not impossible, to ascertain. When the outcome under study is relatively rare (prevalence < 10%), as many ADRs are, an alternative to having treatment-matched patients is having patients matched for disease status but unknown for their propensity for an adverse event given the lack of treatment. Because the outcome is rare, a relatively small percentage of the controls would have had the adverse event, if they had been treated. This more feasible design would result in little loss of power to detect even modest genetic effects. Even so, unless the number of relevant diseases is very small and foreseeable, even large collection sizes will be limited once study-specific strata are considered.
With these limitations, we considered that a collection representative of the populations from which the cases were sampled without regard to disease status would be the most feasible design. A population sample design would result in disease frequencies in proportions similar to those of the population at large. For rare outcomes, the frequency of those genetically predisposed to the outcome of interest would be low, resulting in a small loss of power to identify predisposing factors. In this design, the disease status and outcome of interest are likely to be confounded, requiring further investigation to disentangle the relevance of each result.
It is often of interest to estimate the frequencies of alleles associated with a pharmacogenetic response. One can estimate these frequencies in the population of affected individuals (i.e., patients) or in the population at large. Although estimates in patients are more representative of the intent to treat population, having an appropriate sample for a large number of diseases is not feasible. Estimating the genetic parameters in the population at large will only be limiting if the genetic variant, or one in linkage disequilibrium with it, plays an important role in both the disease susceptibility and the pharmacogenetic response under investigation. This may be expected to occur when the variations with pharmacogenetic impact are located within the drug target. In such cases, caution should be exercised in the interpretation of results.
The range and value of genetic studies possible with such a resource rests largely on the quality, quantity, and sampling of the data available. The public release of the POPRES resource will have immediate opportunities to impact a variety of studies and contribute to the growing body of data that will further many areas of human genetics research. We support the public access to these data for appropriate research uses and encourage the further development of such resources for the benefit of the scientific community.
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